OBJECTIVE: Because of their location in known candidate gene regions for obesity the associations between six microsatellite markers (D2S2170, D2S144, D2S1268, D2S1788, D2S1348 and a tetranucleotide repeat in the 3 0 UTR of the LEP locus) and body mass index (BMI) were studied in adult Samoans. DESIGN: The study was designed to detect differences in the proportion of alleles at the six microsatellite markers between two groups of adult Samoans at the extremes of the longitudinal BMI distribution.
Introduction
There is overwhelming evidence from twin and adoption, candidate gene and genome scan studies in support of a substantial genetic influence on human obesity. 1 Because of the impact of obesity on morbidity and mortality, 2 there is some urgency in identifying specific genetic influences on overweight and obesity and their interactions with concrete environmental exposures.
Although the number of candidate genes has increased and several polymorphisms have been studied in human populations, knowledge about genetic factors underlying the susceptibility to obesity remains incomplete. Since the identification of the LEP locus on chromosome 7 as the human homolog to the mouse OB gene, 3 several studies have detected evidence of linkage or associations between measures of adiposity and allelic variants near the LEP gene in a range of ethnic groups. 4 -13 A meta-analysis of the linkage studies demonstrated 'extremely strong' support for the influence of the LEP gene on adiposity phenotypes. 14 The contemporary Samoan population of Polynesia has a high prevalence of overweight and is at substantial risk of obesity due to the rapid alteration in patterns of dietary intake and physical activity. 15 -21 The unique history of the peopling of the Pacific appears to have led to a reduced level of genetic variation in Polynesians, probably due to population bottlenecks and relatively few founders. 22 -25 Evolutionary scenarios have been postulated about the putative population genetic susceptibility to large body size and obesity among Polynesians. Following Neel's 26 original insights, these ideas posit thrifty genes as adaptive advantages during Pacific island discovery and human settlement that lead to a population-level susceptibility to obesity that is expressed in the modern environment of chronic positive energy balance. 17,18,27 -29 The purpose of this study was to test the association of six microsatellite markers, a tetranucleotide repeat located at the 3 0 UTR of the LEP locus (henceforth LEP), and five dinucleotide repeat loci, D2S2170, D2S144, D2S1268, D2S1788 and D2S1348, all of which are located in the proopiomelanocortin (POMC) gene region, with body mass index (BMI) in 181 unrelated adult Samoans from American Samoa and Samoa (formerly Western Samoa). The LEP and POMC loci are major candidates for obesity-related phenotypes. The association of a group of alleles at the LEP tetranucleotide locus, studied here, with higher body weight in Japanese subjects was reported by Shintani et al. 10 The POMC gene, which codes for prohormone POMC, is a major candidate involved in the leptin -melanocortin pathway. Melanocortins play a significant role in energy homeostasis. 30, 31 Although mutations at the POMC coding region are shown to cause early-onset obesity, 32 variants at this locus have not been associated with obesity in the general populations of French and German descent. 33, 34 However, markers at the POMC gene region, including D2S1788 and D2S1348, analyzed in the present study, were shown to be in strong linkage with serum leptin levels in Mexican Americans.
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Methods
Study populations
American Samoa is a US territory and has received substantial direct and indirect government financial support since the 1950s. The 1990 population was 46 773, of which 92% are ethnic Samoans. 37 The economy is far less agricultural than independent Samoa. Wage opportunities exist in the government offices and tuna canneries, especially in the Pago Pago harbor area villages and the proximate south shore. Almost 60% of men and 42% of women are in the labor force, primarily in the Pago Pago harbor area, the geographic center of the main island of Tutuila and the capital of American Samoa. 37 BMI levels and prevalence of overweight and obesity are significantly greater in American Samoan men and women of all adult ages compared to their Samoan counterparts. 17, 21 Samoa, formerly known as Western Samoa, is a relatively underdeveloped country with a largely agricultural economy. Approximately 15% of all adults are working primarily to earn money with the rest involved in local subsistence farming and fishing. The total population in 1991 was almost 162 000. 38 There are two main islands, 'Upolu and Savai'i with 'Upolu being more exposed to modern life and the site of the capital Apia. In the urban 'Upolu villages men's and women's years of education and the proportion of adults with wage occupations are increasing. Savai'i villages are among the least modernized regions of Polynesia and are characterized by a reliance on traditional Samoan agriculture and reef fishing and extended family social organization. Electricity only reached parts of Savai'i in the early 1990s.
Study sample and design
The study sample derives from a longitudinal study of adiposity and cardiovascular disease risk factors performed in American Samoa and Samoa from 1990 to 1995. Participants were between 25 and 55 y of age, and recruited from 46 village and work sites in American Samoa, and nine villages in Western Samoa, including two in the Apia area. Detailed descriptions of the sampling, recruitment and representativeness of the larger study sample are available in previous reports. 39, 40 Study participation was limited to Samoans who reported that all four grandparents were of Samoan ethnicity without European or Asian ancestry. Participants were also free of self-reported history of heart disease, hypertension or diabetes. Study protocols were approved by the Institutional Review Boards of the Miriam Hospital and Brown University, Providence, RI. Written informed consent was obtained from all participants.
The study design is based on detecting genetic differences in the proportion of alleles at several different candidate loci, linked to obesity in prior studies, between two groups of individuals, those at the bottom and those at the top of the BMI distribution. This study sample was selected from the longitudinal sample of over 1000 adults measured over 4 y from both Samoa and American Samoa, as described above. The low and high BMI categories were based on selecting the 100 individuals who maintained the lowest mean BMI measured twice over 4 y and an additional 100 individuals with the highest mean BMI over the same period. BMI cut-off values were not chosen a priori but were based on selecting 100 participants from the extremes of the longitudinal BMI distribution.
Genotypic data for this study sample were available for 181 of the 200 selected participants; 93 were in the high BMI group and 88 in the low BMI group. Mean BMI over the 4 y in the high BMI group was 44 . Sixty-five percent of the study sample (n ¼ 117) was female, 35% (n ¼ 64) was male, and 54% resided in Samoa and 46% in American Samoa. Of the 97 individuals from Samoa, there were 53 males, five (9%) in the high BMI group and 48 (91%) in the low BMI group. There were 44 females from Samoa, 17 (39%) in the high BMI group and 27 (61%) in the low BMI group. Among the 11 American Samoan men, eight (73%) were in the high BMI group and three (27%) in the low BMI group. There were 73 American Samoan women with 63 (86%) in the high BMI group and 10 (14%) in the low BMI group. The mean age of the study sample was 39.3 AE 8.3 y, which was not different from the mean age of the overall longitudinal sample. There were no differences in years of education between this sample and the overall longitudinal sample, both 10.5 AE 3.5 y, nor in occupation.
The study sample for the analysis of the LEP locus alleles and BMI groups was n ¼ 166, due to missing data for those alleles in some of the 181 individuals.
Measurements
Stature was measured using a portable GPM anthropometer (Pfister Imports Ltd, NY, USA). Weight was measured in light tropical clothing with a calibrated spring-balance scale and BMI was calculated (body weight (kg)=height (m)
2 ). Individual socio-demographic information including age, gender and occupation was collected by interview.
DNA analysis
The six loci were selected because of their location in known candidate regions for obesity (Table 1) . DNA was prepared from buffy coats using the Puregene kit from Gentra Systems Inc. For PCR, primers were chosen from Genbank sequences for all of the loci, except for the LEP locus, which was amplified using the primers as reported in Shintani et al.
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A 10 -20 ng sample of DNA was amplified in a total volume of 15 ml reaction mixture containing standard PCR buffer (10 mM Tris-HCl, pH 8.3; 50 mM KCl; 1.5 mM MgCl 2 ), 200 mM each dNTP, 1 U of Taq polymerase, and 10 pmol of each primer. The amplified products were separated on 6% denaturing polyacrylamide gels. Following electrophoresis, the allelic fragments were visualized by silver staining. In each gel, a known size standard for each locus was run for sizing the alleles.
Statistical analyses
We performed tests of independence between marker allele frequencies and BMI status at each marker. At each marker, the null hypothesis is that the population marker frequencies are identical for both the high BMI and the low BMI groups. We applied a two-tailed Fisher's exact test to the nÂ2 contingency table (n being the number of alleles) detailing allele frequency and BMI status. 41, 42 For the analysis of the association between BMI groups and the six different loci we also performed a Monte Carlo simulation with 100 000 replicates to determine the empirical significance of the observed w 2 statistic. The notable significant results were then followed up by investigating the contingency table for the alleles that were driving the significant test result.
Significance of individual alleles was tested by aggregating a marker's allelic data into a two-by-two contingency table and applying a two-tailed version of Fisher's exact test, with a Bonferroni correction to account for the multiple testing implicit in the procedure.
Results
There were no significant differences in allele frequencies for any of the six candidate loci between participants from American Samoa and Samoa, as expected from our prior population genetic analyses. 23 In the pooled sample from both Samoan polities, there was an association only between the LEP locus and BMI (Table 2) . We next considered the allele frequencies underlying the large test statistic for the LEP locus and found that the association between the BMI groups and this locus was due to a large discrepancy in the frequency of allele 226 (Table 3) .
The association between allele 226 in the LEP locus and BMI was further explored by considering a 2Â2 contingency table, classifying each observed allele based on whether or not it is of type 226, and cross-classifying it based on whether it is observed in a high or low BMI subject (Table 4 ). There was a significantly greater frequency of individuals with allele 226 at the LEP locus in the low BMI group than in the high BMI group; Fisher's exact test generates a P-value of 0.00017. This P-value must be taken in context, since we did a certain amount of 'data snooping' to find the 226 allele. 43 Across the six marker alleles there are 58 different allele types. We would have arrived at the same result had we skipped the convenience of the interim w 2 tests and simply formed 2Â2 contingency tables and computed Fisher's exact Lastly, since residence is partially confounded with BMI (American Samoan subjects are more common in the high BMI group), we examined a subsample comprised of high-BMI Samoans, n ¼ 22, and low-BMI American Samoans, n ¼ 13 (Table 5 ). There is a preponderance of low-BMI individuals with allele 226, regardless of their residence in American Samoa. Fisher's exact test (if we form a 2Â2 contingency table with the alleles represented by type 226 and non-226) of the hypothesis that BMI and allele type are independent yields an uncorrected P-value of 0.0238 in this case. The unusual allele frequencies do not appear to be a result of genetic admixture combined with partial confounding of BMI and residence. This indicates that our observation above on the full sample is not likely to be confounded by residence and the demonstrated findings of greater BMI in American Samoans.
Discussion
The findings here indicate an apparent relationship in Samoans between relatively low BMI and a high frequency of allele 226 at the LEP microsatellite locus. This is not likely to be due to any potential confounding with genetic or lifestyle differences between the two Samoan polities. Despite our earlier studies showing genetic homogeneity between American and (Western) Samoans, 23 and the similarity between the two locales in allele frequencies of the obesity candidate genes described above, we were concerned that our result might be due to interactions between small differences in allele frequencies in the two populations and the welldescribed differences in lifestyle and population mean BMI. This alternate explanation is that American Samoans simply both have a dearth of 226 alleles compared to Samoans and are more likely to be in the high BMI group. Our sub-sample data analysis of low BMI American Samoans and high BMI Samoans also demonstrated the association between allele 226 and low BMI, regardless of residence. Thus, we believe our finding is due to a real association, not population genetic differences or lifestyle differences between the two Samoan polities.
In an earlier study of this LEP 3 0 tetranucleotide repeat, Shintani et al 10 observed a non-significant trend in which short-base-pair alleles ('class I' alleles) are more prevalent in a sample of obese Japanese subjects than in leaner control subjects. We observed a similar pattern: a long-base-pair allele, ie allele 226, which would be a class II allele in the nomenclature of Shintani et al, 10 is much more common among non-obese Samoan subjects than it is in their obese counterparts.
A recent study of non-diabetic Nauruan men examined the association of the combination of polymorphisms in the OB (LEP tetranucleotide repeat), and OB-R (Gln223 Arg, and PRO1019pro) genes with fasting plasma leptin and insulin levels. 44 Nauruan men homozygous for class II (ie long-basepair) alleles in the OB gene, along with homozygosity in the two other OB-R gene polymorphisms, had elevated insulin. Although this result is not consistent with our observations in Samoans, the studies are not directly comparable. First, our study finds an association between low-BMI and a 44 Recent work on single nucleotide polymorphisms in the LEP gene region explored specific allelic variants and found some associations with various obesity phenotypes in selected samples. 45 -47 Although these reports are interesting, no clear biological hypotheses have been articulated to explain the findings. Considine et al 48 and Maffei et al 49 pointed out that a defect in the OB, ie LEP, gene is unlikely to represent a major cause of obesity in humans as often obese individuals have very high circulating levels of leptin, the OB gene product. The functional significance of our present finding remains unclear to us. Our finding that allele 226 is associated with low BMI in Samoans suggests two possible explanations. First, the allele may itself be the functional polymorphism responsible for low BMI in some complex and currently unknown way. Second, a more likely explanation is that the 226 allele is in linkage disequilibrium with the pertinent but unidentified functional polymorphism within the region of the LEP gene. In order to further explore this possibility, additional genotyping and=or fine mapping in this or subsequent population samples or families would be required in locating a functional polymorphism. A more elaborate approach might involve recruiting some relatives of obese and lean subjects (especially those with the 226 allele) in order to perform localized haplotyping and perhaps identify a common ancestor to many of the lean subjects with the 226.
